In multicellular organisms, cis-regulation controls gene expression in space and time. Despite the essential implication of cisregulation in the development and evolution of organisms and in human diseases, our knowledge about regulatory sequences largely derives from analyzing their activity individually and outside their genomic context. Indeed, the contribution of these sequences to the expression of their target genes in their genomic context is still largely unknown. Here we present a novel genetic screen designed to visualize and interrupt gene regulatory landscapes in vertebrates. In this screen, based on the random insertion of an engineered Tol2 transposon carrying a strong insulator separating two fluorescent reporter genes, we isolated hundreds of zebrafish lines containing insertions that disrupt the cis-regulation of tissue-specific expressed genes. We therefore provide a new easy-to-handle tool that will help to disrupt and chart the regulatory activity spread through the vast noncoding regions of the vertebrate genome.
[Supplemental material is available for this article.]
Transcriptional regulation is achieved by a multitude of cis-regulatory elements (CREs) that control spatiotemporal gene activation and expression levels. Genes with complex expression patterns are regulated by multiple CREs spread over large genomic distances that together define regulatory landscapes (Spitz et al. 2003; Ragvin et al. 2010) . The borders of these landscapes are often flanked by insulators, a specific type of CREs that prevent spurious interactions between adjacent regulatory landscapes (Geyer and Corces 1992; Chung et al. 1993; Bell et al. 2001; Martin et al. 2011; Dixon et al. 2012) . Moreover, disruption of these landscapes is at the basis of many human genetic diseases, which can occur by different mechanisms ranging from large chromosomal aberrations, such as translocations, inversions, deletions, or duplications, to more subtle modifications like point mutations in particular CREs (Epstein 2009; Kleinjan and Coutinho 2009; Kilpinen and Dermitzakis 2012) . Since these diseases are caused by improper gene regulation, rather than by a complete loss of gene function, it becomes imperative to systematically isolate this kind of regulatory perturbations in animal models. Although the use of next-generation sequencing techniques coupled to in vivo reporter assays has enormously facilitated the identification of CREs (Visel et al. 2009; Blow et al. 2010) , there is still little information on the actual contribution of these noncoding regions to gene expression in their genomic context, how they are organized in regulatory landscapes, and the functional consequences of their disruption (Lettice et al. 2002; Jeong et al. 2008; Visel et al. 2010; Ghiasvand et al. 2011; Collette et al. 2012) . To fill this gap and to generate a tool that permits an unbiased genomic approach, we have designed an expression disruption (ED) system based on the Tol2 transposon that harbors a strong insulator. This approach allows for the disruption and detection in vivo of complex regulatory landscapes and constitutes the first screen in vertebrates specifically designed to impair enhancer-promoter interaction. We have isolated 223 zebrafish ED lines that can be visualized through the EDscreen browser (http://www.upo.es/CABD/EDscreen/). A detailed evaluation of a fraction of the ED lines shows that in at least half of them, the cis-regulatory landscapes have been disrupted, causing alterations on gene expression and function. In vivo deletion of the ED insulator together with chromosome conformation capture (3C) (Dekker et al. 2002) assays demonstrate that the disruption of regulatory landscapes depends on the insulator, which impairs proper enhancer/promoter interactions. Finally, we also present preliminary evidence indicating that our system might be directly implemented in mouse embryos. Collectively, our data demonstrate that ED is an easy to use tool that can be applied in a variety of animal models to induce regulatory mutations caused by tissue-specific alterations on gene expression.
Results
ED is an engineered Tol2 transposon (Kawakami et al. 2000) that includes a strong insulator flanked by two fluorescent reporter genes under the control of minimal promoters that function as independent enhancer traps ( Fig. 1) . The strong insulator in the ED transposon is expected to disrupt the regulatory landscapes in which it becomes integrated. Therefore, the regulatory information upstream of or downstream from the integration site should differentially activate green fluorescent protein (GFP) or red fluorescent protein (RFP) reporters, positioned on either side of the insulator (Fig. 1) . Out of 224 ED injected embryos grown to adults, we Ó 2014 Bessa et al. This article is distributed exclusively by Cold Spring Harbor Laboratory Press for the first six months after the full-issue publication date (see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is available under a Creative Commons License (Attribution-NonCommercial 3.0 Unported), as described at http://creativecommons.org/licenses/by-nc/3.0/. isolated 223 stable transgenic lines and annotated GFP and RFP expression patterns at 24 and 48 h post-fertilization (hpf) (Supplemental Table 1 ). The vast majority of these lines show different expression patterns for the green and red fluorescent proteins (n = 173, 78%) ( Fig. 2A-C) , comprising cases of GFP and RFP expression in different tissues (n = 143) ( Fig. 2A) and cases of GFP (n = 18) or RFP expression alone (n = 12) (Fig. 2B,C) . These results suggest that both enhancer traps are detecting different genomic areas of the original regulatory landscape that has been separated by the insulator (Fig. 1) . A fraction of lines (n = 50, 22%) ( Fig. 2D) showed total coexpression of GFP and RFP, suggesting redundancy of regulatory elements upstream of and downstream from the ED integration site or the failure of the insulator activity in these genomic regions. Southern blot analysis of a fraction of the generated ED lines (19 lines analyzed) indicated that in the majority of them (74%), the GFP and RFP expression patterns are caused by single insertions (Supplemental Fig. 1 ). To determine if the ED vector has a tissuespecific bias, we compared the percentage of ED lines and genes that shows expression in a given tissue and observed that the distribution of both groups is largely similar (Supplemental Fig. 2) .
To test that the segregation of the GFP and RFP expression patterns are due to the insulator activity, we included in the ED's design two loxP sequences flanking the insulator and the RFP trap cassette, which allows for the excision of this sequence by the activity of Cre recombinase (Fig. 1B) . By injecting Cre mRNA into eight ED lines that show little overlap of RFP/GFP expression, we consistently observed the loss of RFP with the concomitant gain of GFP expression in territories where RFP was originally expressed (Supplemental Figs. 3, 4) . This indicates that the excision cassette was effectively removed in vivo, which allowed the GFP reporter to read the regulatory information previously acting on the RFP gene.
We therefore conclude that the built-in ED insulator can efficiently segregate regulatory landscapes.
To determine if ED is able to recapitulate the expression pattern of genes near the integration site, first we have mapped 59 ED lines by inverse PCR (Supplemental Fig. 5 ; Supplemental Table 2 ). Next, we compared the expression pattern of these lines with those from the genes near the insertions, being able to associate an ED line to a likely target gene in 32 cases (Supplemental Fig. 6) . Three of such cases-ED25, ED27, and ED170-were linked to klf4b, dacha, and ptrfb, respectively (Fig. 3A -C, first and second columns), in which reporters and associated genes show remarkably similar expression patterns. Another interesting example is the line ED186, which was mapped to 0.9 kb upstream of mir124-5. This line shows a strong expression of RFP in the central nervous system (CNS) and eye ( Fig. 3D) , coinciding with the expression of this microRNA (Wienholds et al. 2005 ) and contrasting with a much-restricted GFP expression. Previous studies have reported that a fragment of 5.6 kb immediately upstream of mir124-5 is sufficient to recapitulate the expression pattern of this microRNA (Shkumatava et al. 2009 ), suggesting that most of its CREs are contained within this genomic region. The ED186 insertion separates this fragment into two 4.7-kb and 0.9-kb regions flanking RFP and GFP, respectively (Fig. 3E) . Therefore, our insertion predicts that mir124-5 CREs are mainly located within the 4.7-kb genomic region. This was confirmed by enhancer assays using the 4.7-kb and 0.9-kb fragments, which showed that the first region was able to drive an expression pattern largely similar to the mir124 and ED186 (Fig. 3F) , while the second one was not able to drive transgene expression (Supplemental Fig. 7 ). These results demonstrate that ED insertions recapitulate the regulatory landscape of nearby genes and validate the ED's potential to predict the position of CREs in the genome.
To further examine if the disruption of regulatory landscapes caused by ED insertions affects endogenous gene expression, we selected eight of the 32 lines that were associated to a particular gene and performed in-crosses to generate homozygous embryos for these insertions. For seven of these ED lines, we performed in situ hybridizations for the transcript of the associated genes. Embryos homozygous for ED25, ED27, and ED170 show clear tissuespecific down-regulation of their respective target genes, klf4b, dacha, and ptrfb ( Fig. 3A -C, third column). A similar result was obtained for the ED186 line, which shows decreased levels of mir124-5, when assessed by qPCR (Fig. 3G ). As these insertions do not overlap with the coding sequences of the associated genes (Supplemental Table 2 ), the down-regulation of their associated gene must be caused by cis-regulatory mutations that disrupt tissue-specific gene expression.
To demonstrate that the observed alteration of gene expression is induced by the insulator in the ED vector and not simply by the insertion of Tol2, we excised the insulator by injecting Cre recombinase mRNA in the klf4b, dacha, and ptrfb ED-mutant backgrounds. In all cases, we observed an almost complete rescue of the transcript levels ( Fig. 3A -C, fourth column; Supplemental Fig. 8 ). To better understand the impact of ED insertions on regulatory landscapes, we selected the line ED170, which carries an insertion near the gene ptrfb. Using epigenetic data that we recently generated in zebrafish (Bogdanovic et al. 2012) , we searched for potential enhancers that could regulate the expression of this gene ( Fig. 4A; Supplemental Fig. 9 ). Three of four tested sequences were able to drive expression of GFP in the notochord, recapitulating the expression pattern of ptrfb and ED170 (Fig. 4B ). To activate gene expression, enhancers need to contact their target promoters physically. These interactions are mediated by long-range chromatin Figure 1 . The expression disruption system. (A) Representation of a genomic landscape composed of two enhancers (gray boxes) that drive expression of their target gene in the eye and hindbrain (gray pattern in embryo). (B) An ED insertion in this genomic landscape. ED is composed of two enhancer traps, one that has GFP (green box) as a reporter gene and the other RFP (red box). An insulator is present in between these two enhancer traps (purple box). Two loxP sequences (yellow triangles) flank the RFP enhancer trap and the insulator. In this insertion, the upstream enhancer is detected exclusively by the GFP enhancer trap cassette, and the downstream is detected only by the RFP cassette, resulting in the nonoverlapping expression of these two reporters (green and red patterns in the lower embryo). The block of the upstream enhancer by the insulator results in a regulatory mutation (higher embryo).
loops that can be detected by the chromosome conformation capture (3C) technique (Dekker et al. 2002) . Performing 3C assays in wild-type embryos, we showed a robust interaction of the most distal enhancer with the ptrfb promoter (enhancer 1) (Fig. 4C) . Interestingly, this interaction was impaired when the 3C assay was performed in embryos homozygous for the ED170 insertion (Fig.  4C ). These results correlate with a decrease of ptrfb transcription in the notochord, which might indicate that the interaction of the identified distal enhancer with the prtfb promoter is required for proper ptrfb notochord expression. In summary, these results suggest that the ED system disrupts cis-regulatory landscapes by preventing enhancer-promoter interactions.
We next explored the phenotypes associated with ED lines. To that end, we focus on ED170 and ED25, two mutant lines that show a reduction of transcription of ptrfb and klf4b, respectively. In the case of ED170, 50% of the homozygous embryos show some indentations in the notochord (Fig. 5A ), a phenotype that was almost completely rescued after injection of Cre recombinase mRNA (Fig. 5B) . When analyzing these indentations by confocal microscopy, nuclei are detected in a nuclei-free region of the notochord (Fig. 5C ), suggesting an important disorganization of the notochord tissue. As expected, this very mild phenotype can be mimicked by injecting low amounts of a morpholino that specifically targets ptrfb (3 ng; Fig. 5D ). The injection of higher amounts of this morpholino (10 ng) generated a much stronger phenotype that consisted of highly bent embryos, as previously reported (Supplemental Fig. 10 ; Hill et al. 2008) . This indicates that homozygous ED170 insertion causes a partial knockdown of this gene. The other insertion, ED25, showed no detectable phenotype in homozygosis, despite its strong disruption of klf4b expression in the blood island. This gene has been shown to be required for the expression of hemoglobin beta embryonic-3 (previously beta E3 globin) (Gardiner et al. 2007 ). Therefore, we examined hemoglobin beta embryonic-3 expression in homozygous ED25 embryos and found a clear decrease in the transcription levels of this gene (Supplemental Fig. 10 ). This indicates that although there are no clear morphological defects in ED25 homozygous embryos, there are some clear effects in trans associated to this insertion, which are detectable using molecular markers.
Finally, we also wanted to know if the newly developed ED system could be used in other vertebrate models. Insulators are common CREs present in all vertebrate genomes, and although the ED's insulator is a chimera of chicken (Chung et al. 1993) and mouse (Giraldo et al. 2003) insulators, it is functional in zebrafish, evidencing that these elements function similarly in many different vertebrate genomes. As it has been shown that Tol2 is also effective in mouse transgenesis (Sumiyama et al. 2010) , we injected the ED vector along with the Tol2 mRNA in mouse embryos at the 1-cell stage as reported (Sumiyama et al. 2010 ). The injected embryos were then transferred into pseudopregnant females and isolated at 10.5-11.5 d post-coitum (dpc). From a total of 94 embryos, eight showed clear GFP and/or RFP expression, in several cases in different tissues (Fig. 6) . These results suggest that the ED system could be implemented in a mammal model such as the mouse.
Discussion
We have developed the ED vector system as a new tool to interfere with the interaction between enhancers and promoters, which results from the random introduction of a strong insulator in the genome by means of the Tol2 transposon. In our system, the presence of this strong insulator within the regulatory landscape of a given gene results in a partial disruption of the transcriptional environment of the locus, thus having the potential to generate new phenotypes derived from the improper regulation of the target gene. As the ED vector carries two different reporter genes, located at either side of the insulator, it allows for the pre-selection in F 1 zebrafish embryos, of those insertions with stronger disruptive activity as determined by simple visual inspection of the reporter genes' expression patterns, thus potentially making it very efficient for the screening of new regulatory mutations. Furthermore, preliminary data of the use of this system in mouse embryos indicate that it may be amenable for its use in large-scale regulatory screens in other vertebrates.
In this study, we establish a proof-of-principle for a method to disrupt enhancer-promoter interactions. Furthermore, we describe in detail an ED insertion in the ptrfb locus that impairs the interaction of at least one enhancer with its cognate promoter, resulting In
in a decrease on gene transcription levels. Strikingly, the phenotypes associated with this insertion differ from those obtained by a strong hypomorphic condition generated by standard amounts of morpholinos targeting ptrfb (Hill et al. 2008 ; this study). In the case of our regulatory disruption, the phenotypes are very mild, affecting only discrete notochord sections where abnormal indentations are observed, while the use of morpholinos gives rise to generalized notochord malformation resulting in a bent tail phenotype. These results highlight that quantitative differences in the activity of genes might result in important, and potentially difficult to predict, qualitative differences in phenotype. Therefore, the study of regulatory mutations should be essential to understand the biological function of regulatory sequences. In addition, and from a biomedical perspective, animal models harboring regulatory mutations might help to understand the etiology of human diseases associated to this class of mutations.
We found that in the majority of the insertions generated (78%), the green and red fluorescent proteins are differentially expressed, suggesting that the insulator incorporated into the ED vector efficiently interferes in vivo with enhancerpromoter interactions. The ED insulator is composed of two sequences, the chicken HS4 insulator (Chung et al. 1993 ) and a sequence from the LCR located upstream of the mouse Tyr gene (Giraldo et al. 2003) . By using an insulator assay in zebrafish, we show that the two sequences, which independently have insulator activity (Bessa et al. 2009) , are much more effective insulators when linked together. CTCF, a DNA-binding protein largely associated with insulator activity (Phillips-Cremins and Corces 2013), binds to the chicken HS4 insulator, but according to previously published available data (The Mouse ENCODE Consortium 2012) does not appear to be associated to the Tyr insulator. Analysis of the available data on TFIIIC binding (The ENCODE Project Consortium 2012), another insulatorassociated protein (Kirkland et al. 2013 ), seems to indicate that this protein does not bind the Tyr insulator either. Therefore, there is the possibility that the Tyr insulator may operate through a CTCF/ TFIIIC-independent mechanism. This could explain the high efficiency of the ED insulator when compared with the work by Sanyal and colleagues, which shows that the majority of enhancer/ promoter long-range interactions (79%) detected by chromosome conformation capture carbon copy (5C) are not blocked by the presence of one or more CTCF-binding sites detected by ChIP-seq (Sanyal et al. 2012) .
We conclude that ED is a highly efficient tool, simple to use, that can significantly help to fill an important gap on the study of is an insertion in an exon of atp6v0a1b, 10 kb away from the transcription start site of its associated gene, ptrfb. This insertion is oriented with the GFP enhancer trap upstream of ptrfb. Four candidate enhancer sequences were selected, 1 to 4 (black boxes). (B) Enhancer activity assays show that sequences 1, 2, and 3 are enhancers that drive expression in the notochord, as observed by expression of GFP. (C ) When performing a 3C assay comparing the levels of interaction of the enhancer 1 and two control sequences with the promoter of ptrfb, a significant difference is observed; (**) P < 0.01. This same assay was performed using homozygous embryos for ED170, and the difference in the levels of interaction of the enhancer 1 and the two control sequences is not statistically significant (ns, not significant). The primers used for the 3C experiment are represented in A as an orange triangle for the enhancer 1, blue triangles for control sequences, and a magenta triangle for the ptrfb promoter sequence. the contribution of the noncoding DNA to gene expression and function. Classical reverse genetics, which is usually phenotypedriven (Driever et al. 1996; Haffter et al. 1996) , is difficult to use due to the mild phenotypes that might be expected from hypomorphic mutations obtained by the disruption of regulatory landscapes. A clear example of these mild phenotypes, hard to detect by simple phenotyping, is shown by some of the mutants isolated in this screen. More recent mutagenic methods that generate small changes in specific sequences, as high-throughput TILLIG (targeting induced local lesions in genomes) (Wienholds et al. 2003) or site-directed mutagenesis (Doyon et al. 2008; Meng et al. 2008; Bedell et al. 2012; Hwang et al. 2013) , are highly efficient for coding sequences, but they are hard to apply to the noncoding genome, mostly because of our limited ability to predict the outcome of small changes in noncoding sequences. Classical random insertional mutagenesis might be used to disrupt single enhancers by direct hits (Golling et al. 2002) , a potential that it is still present in our ED system. Recently, several methods have been developed to introduce loxP sequences into the genome (Ruf et al. 2011; Bedell et al. 2012; Chang et al. 2013) , offering the potential to delete CREs. Because ED carries loxP sites, it might be used together with these loxP-based strategies to generate site-specific deletions, giving form to a much more powerful system with the ability to detect, locate, disrupt, and delete CREs. Our preliminary results in mouse embryos indicate that our ED system can likely be used to disrupt regulatory landscapes in multiple animal models. This will become very useful in the near future in light of recent findings that have shown that most of the genetic variants associated with human diseases identified by genome wide association studies (GWAS) lie also in noncoding sequences with likely cis-regulatory activity (Maurano et al. 2012 ).
Methods

ED constructs
Four different constructs were built and used to perform the ED screen: IMP16, IMP17, IMPCherry, and IIC. All of them contain a GFP transgene whose expression is controlled by a gata2a minimal promoter (Bessa et al. 2009 ), a fusion of the GAB insulator from the mouse tyrosinase gene (Giraldo et al. 2003) , and the 59HS4 insulator from the chicken beta-globin gene (Chung et al. 1993; Recillas-Targa et al. 2002) and the mini-Tol2 backbone (Urasaki et al. 2006 ). IMP16 and IMP17 contain in the RFP enhancer trap, the meis1 minimal promoter driving the DsRed2 reporter gene. These two constructs differ in the orientation of the gata2a-GFP enhancer trap. In IMP16, the configuration is meis1-DsRed2-INSULATORS-gata2a-GFP, and in IMP17 is meis1-DsRed2-INSULATORS-GFP-gata2a. IMPCherry is similar to IMP17 but with the mCherry transgene (Kwan et al. 2007 ) instead of DsRed2. In IMP16, IMP17, and IMPCherry constructs, a myc-tag N-terminal fusion to RFP was engineered (Supplemental Fig. 11 ). These three constructs were used to generate ED1-ED47 transgenic lines (Supplemental Table 1 ). These lines show very weak or undetectable RFP expression, which points to a low activity of the meis1 minimal promoter. Lines ED48-ED272 were generated using the IIC construct, which was built as depicted in Figure 1 , using an irx3a minimal promoter (Bessa et al. 2009 ) and mCherry as reporter gene in the RFP enhancer trap. The sequence of IIC is available in the Supplemental Material and on http://www. upo.es/CABD/EDscreen/ (''Methods and Protocols'' section).
Transgenesis and genetic screening
The ED vector was injected in one-cell-stage zebrafish embryos (TU strain) together with Tol2 mRNA. The Tol2 transposon/transposase method of transgenesis (Kawakami et al. 2004 ) was used as previously described (Bessa et al. 2009 ). Injected embryos showing broad GFP or RFP expression at 24-48 hpf were selected and grown to adults. Stable transgenic lines were detected by outcrossing EDinjected fish with wild-type animals and isolating from these crosses showing in vivo GFP or RFP expression. Embryos were kept in E3 medium with 0.003% 1-phenyl-2-thiourea (Sigma-Aldrich) to prevent pigmentation. Embryos showing GFP or RFP expression were anesthetized by adding tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich) to the E3 medium, and expression patterns were documented at 24-36 hpf and at 48-60 hpf and annotated (Supplemental Table 1 ). Approximately half of the identified stable transgenic lines were selected to grow and were maintained by outcrossing with wild-type animals.
Mouse transgenesis was performed as previously reported (Sumiyama et al. 2010) . The injected embryos were isolated at 10.5-11.5 d post-coitum (dpc) and documented for GFP or RFP expression. Genomic DNA was extracted from individually isolated extra-embryonic membranes and genotyped by PCR to identify those carrying the transposon. Fourteen out of 94 injected embryos were found to carry the ED transposon.
Identification of ED integration sites
ED integration sites were identified by inverse PCR. For each line, genomic DNA was extracted from five embryos separately, digested with Sau3AI (Roche), and then ligated with a T4 ligase (Promega). The ligated DNA was used as template for the inverse PCR. Nested PCR was performed for the two ends of the transposon. A list of 
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Genome Research 5 www.genome.org Figure 6 . Mouse transgenic ED lines. Eight mouse transgenic embryos were generated using the ED system. (A) In this example, GFP expression is detected in the dorsal periocular mesenchyme (asterisk; inset), and coexpression of GFP and RFP is observed in the ventral periocular mesenchyme (arrow; inset). (B) Strong GFP expression is detected in the heart (asterisk), while GFP and RFP coexpression is detected at the base of the forelimb (arrow), the branchial arches (arrowhead), and at low levels in the somites. (C ) GFP expression is detected in the trigeminal ganglion (arrow) and the midgut (arrowhead), while RFP expression is not detected. (D) This embryo expresses GFP throughout the embryo in migratory cells that probably correspond to dermis (asterisk), while RFP is found ubiquitously at low levels. (E) RFP expression is detected in the olfactory pits (arrowhead) and the second branchial arch (arrow), possibly in the mesodermal core, while GFP is detected at low levels ubiquitously. (F) RFP expression alone is detected in the forebrain (arrowhead), somites (arrow), and cells migrating into the limb buds; RFP and GFP coexpression is strongly detected in the proximal region of the forelimb (asterisk), while unique GFP expression is detected at low levels ubiquitously. (G) GFP and RFP are coexpressed ubiquitously at low levels. (H) Expression of GFP alone is observed superficially in the mandibular component of the first branchial arch (arrowhead), in tissues surrounding the fore and hindlimbs (arrow), and RFP expression is not detected. The stages of the embryos shown are 11.5 d post-coitum (dpc; A,B) and 10.5 dpc (C-H). The first column presents transmitted light images, the second an overlay of GFP and RFP channels, the third the GFP channel alone (green), and the fourth the RFP channel alone (red).
primers and PCR protocols for inverse PCR is available in Supplemental Table 3 . For the GFP end, 5TolF1 and 5TolR1 primers were used for the first round of PCRs, and 5TolF2 and 5TolR2 were used for the second round. For the RFP end, 3TolF1 and 3TolR1 primers were used for the first round of PCRs, and 3TolF2 and 3TolR2 or 3TolF2 and 3TolTest were used for the second round. The products of the second round of PCR were then visualized in a 2% agarose gel, and for each end, the common band for the five embryos was cloned in TOPO (Invitrogen, pCR8/GW/TOPO TA cloning KIT). TOPO clones were sequenced using a GW1 primer. Obtained sequences were analyzed to identify fragments adjacent to the transposon, which were then aligned to the zebrafish genome (Zv9/ danRer7 assembly using the UCSC Genome Browser BLAT web page; http://genome.ucsc.edu/cgi-bin/hgBlat). Integration sites were confirmed either by having the 59 and 39 hits in the same genomic position or by finding nearby genes with similar expression patterns to those observed with the reporter genes in the corresponding line. All sequences were long enough to map the transposon to a unique position, with the exception of ED98, for which two positions were annotated (Supplemental Table 2 ). Expression patterns of genes near integration points were analyzed, and if shared with the corresponding ED line, a gene-to-ED line association was established. Gene expression patterns were assessed initially using public available data (Bradford et al. 2011 ) (ZFIN; http://zfin.org/) and confirmed later by in situ hybridization. When no initial candidate gene was detected, in situ hybridization was performed for one to six different genes near the integration site.
Southern blot
One microgram of genomic DNA was extracted from adult animals and digested with PstI or EcoRV. The samples were then electrophoresed through 1% agarose and Southern blotted using a digoxigenin (DIG)-labeled probe against GFP. Blots were revealed using CSPD and imaged in a gel imaging system (ChemiDoc XRS+, Bio-Rad).
RNA probes and whole-mount in situ hybridization cDNAs were amplified by performing a PCR with gene-specific primers (primer sequences are available in Supplemental Table 3 ) using a mix of 80% epiboly to 48-hpf retro-transcribed cDNA as template (SuperScript II, Invitrogen). After PCR amplification, specific cDNAs were cloned in a pGEM-T easy vector (Promega). These clones were linearized with restriction enzymes, and DIG-labeled RNA probes were synthesized using SP6 or T7 RNA polymerase (Roche), depending on the orientation of each insert. Wild-type embryos or ED transgenic embryos were used for whole-mount in situ hybridization. Embryos were fixed at 20-24 hpf in PFA (4% in PBS) overnight, and whole-mount in situ hybridization was performed as reported (Tena et al. 2007 ). For in-crossed ED lines background, whole-mount in situ hybridizations were performed using a mix of two DIG-labeled RNA probes, the anti-sense of the putative ED-associated gene and the anti-sense of egr2b, a gene expressed in rhombomeres 3 and 5 (Oxtoby and Jowett 1993) that we used as an internal in situ control. For the acquisition of fluorescent images, whole-mount in situ hybridizations developed with NBT/BCIP were stained overnight with the nuclear marker DAPI, confocal images were acquired using a Leica-SPE confocal system, and data were processed with Adobe Photoshop and ImageJ (Schneider et al. 2012) .
Cre recombinase injection
A vector containing the Cre recombinase cDNA (Langenau et al. 2005 ) was linearized using the NotI restriction enzyme (Roche), and mRNA was synthesized using Sp6 RNA polymerase (Roche). One hundred to 200 pg of mRNA was injected in one-cell-stage ED transgenic embryos. Embryos were grown to 20-24 hpf at 28°C, and injected and noninjected embryos were documented for GFP and RFP expression.
Morpholino injections and confocal microscopy
Two different amounts (3 or 10 ng) of a morpholino targeting ptrfb (59-GACGGCTGTCTTCAATCACCTCCAT-39) (Hill et al. 2008) were injected in one-to two-cell-stage zebrafish embryos. Embryos were grown to 5 dpf and fixed overnight at 4°C in 4% paraformaldehyde in PBS. Fixed embryos were stained with DAPI and Rhodamine Phalloidin, and analyzed in a Leica SPE confocal microscope.
Quantitative PCR
To see if ED186 insertion results in a decrease of transcription of mir124-5, quantitative PCR was used. Total mRNA was extracted from 48-hpf wild-type and ED186 homozygous embryos by TRIzol extraction (Invitrogen) and subsequent phenol:chloroform purification. Two independent biological replicas were used. 0.9-1.5 ng of total mRNA was used for reverse transcription with random primers (SuperScript II, Invitrogen). Quantitative PCR was performed on a Bio-Rad CFX96 real-time system using EvaGreen (SsoFast EvaGreen, Bio-Rad). Two rounds of qPCR were performed per biological replica, and triplicates were used per round of qPCR. Previously described primers for mir124-5 were used (Shkumatava et al. 2009 ), primers for eef1a1l1 were used as internal control, and expression levels were compared using the DDC T method. The primers and PCR program are described in Supplemental Table 3 .
Chromosome conformation capture assays
Twenty-four hpf wild-type and ED170 homozygous embryos were dissociated to single cells. Cells were fixed and lysed, and nuclei were then digested with HindIII endonuclease (Roche). HindIII was inactivated, and samples were treated with T4 DNA ligase (Promega). A set of locus-specific primers (Supplemental Table 3 ) was designed with the online program Primer3 v. 0.4.0 (Rozen and Skaletsky 2000) (http://frodo.wi.mit.edu/), each primer being close to a HindIII site flanking a chromosomal site of interest. Each DNA sample was calibrated so that the PCR products were always in the linear range. A primer next to the ptrfb promoter was considered fixed, and different interactions were tested using primers close to regions of interest, including enhancers and negative controls. Quantitative PCR was performed on a Bio-Rad CFX96 real-time system with SYBR Green (FastStart, Roche). PCR product values were related to a control composed of a bacterial artificial chromosome (BAC) that encompasses all of our regions of interest (CH73-162C2). To compare wild-type and ED170 samples, PCR values were normalized by means of control primers targeting the XPB gene locus for which a BAC control was also used (DKEY-32H20). The primers and PCR program are described in Supplemental Table 3 .
Statistical analysis
Assuming that the data are normally distributed, a one-tailed t-test was performed to test the significance of differences among sample averages. In all tests, we adopted an alpha level of 0.05. Differences were considered significant or highly significant when P-values were situated below 0.05 or 0.01, respectively. 
